This study assesses the impact of revised volatile organic compound (VOC) and organic 17 aerosol (OA) emissions estimates in the GEM-MACH Modelling Air Quality and CHemistry) chemical transport model on air quality model 19 predictions of organic species for the Athabasca oil sands region in Northern Alberta, Canada. 20
emissions dataset (sensitivity run) uses total facility emissions and speciation profiles derived 23 from box-flight aircraft observations around specific facilities. Large increases in some VOC and 24 OA emissions in the revised-emissions data set for four large oil sands mining facilities and 25 decreases for others were found to improve the modeled VOC and OA concentration maxima in 26 facility plumes, as shown with the 99 th percentile statistic and illustrated by case studies. The 27 results show that the VOC emission speciation profile from each oil sand facility is unique and 28 different from standard petrochemical-refinery emission speciation profiles used for other 29 regions in North America. A significant increase in the correlation coefficient is reported for the 30 long-chain alkane predictions against observations when using the revised emissions based onaircraft observations. For some facilities, larger long chain alkane emissions resulted in higher 32 facilities were obtained from the CEMA (Cumulative Environmental Management Association) 148 inventory (Davies et al., 2012; . 149
For the sensitivity run, speciated VOC emissions from the base case for four OS mining 150 facilities (Suncor Millenium/Steepbank, Syncrude Mildred Lake, Shell Canada 151 Muskeg/Jackpine, and CNRL Horizon) were revised by replacing them with the top-down 152 emission rates estimated by Li et al. (2017) while primary PM emissions were revised for six oil 153 sand facilities (Suncor Millenium/Steepbank, Syncrude Mildred Lake, Shell Canada 154 Muskeg/Jackpine, CNRL Horizon, Syncrude Aurora North, and Imperial Oil Kearl) (Zhang et 155 al., 2018) . The VOC and PM chemical speciation profiles used for these facilities were also 156 revised using the aircraft-observed VOC speciation (Li et al., 2017) and ground-based PM filter 157 analysis (Wang et al., 2015) , respectively. The set of emissions input files making use of these 158 revisions is hereafter referred to as the "revised emissions", while the original emissions input 159 files without these changes is referred to as the "base-case emissions". A detailed description of 160 the development of the emission inventory and emissions processing steps to create the model-161 ready files (hourly gridded emission fields for the same domain and grid spacing as the model) 162 for the base case and revised version are described in Zhang et al. (2018) . Table 1 compares the  163 facility emission rates for four species for the base case and revised-emissions case. The changes 164
are not consistent from species to species and are not uniform across facilities. Interestingly, the 165 facilities that use paraffinic solvents for bitumen extraction (e.g. Shell Muskeg/Jackpine) were 166 associated with the largest ALKA emission increases and aromatic decreases. The SI section 167 includes figures illustrating the emission difference maps for the oil sand region (absolute and 168 relative difference) showing the spatial distribution of emission changes between revised and 169 base case. The changes are largest over the surface mines and tailing ponds.
Depending on whether bitumen extracted from the oil sand is upgraded on site or not, the OS 171 mining facilities can be classified into two broad types: (1) integrated extraction and upgrading 172 facilities (Suncor Millenium/Steepbank, Syncrude Mildred Lake, and CNRL Horizon) and (2) 173 extraction-only facilities (Shell Canada Muskeg/Jackpine, Syncrude Aurora North, and Imperial 174 Oil Kearl). Table 2 shows a comparison of the CEMA plant-specific VOC speciation profiles 175 used in the base case for the two types of OS plants compared to two standard VOC speciation 176 profiles for petrochemical facilities (#9012 "Petroleum Industry -Average", #0316 "Fugitive 177
Emissions, Pipe/Valve Flanges") that were used by SMOKE to speciate more than half of the 178 refinery emissions in the Houston area, the largest petrochemical cluster in the U.S. There are 179 significant differences between the base case OS plant VOC speciation profiles and the two 180 commonly used standard oil refinery profiles. The OS integrated extraction and upgrading plant 181 profiles are higher in long-chain alkenes, toluene, and other aromatics than the standard profiles, 182 while the extraction-only plant profile has the highest long-chain alkane fraction. The two 183 standard profiles used for the base case and revised simulation (for speciating U.S. and Canadian 184 refinery emissions) have higher less-reactive species (e.g., propane, acetylene) and formaldehyde 185 (profile #9012), than both the CEMA OS plant profiles. Note also that these differences in 186 relative fractions result in substantial differences in the absolute emissions of certain groups of 187 VOCs between the standard profiles for oil refineries and the facility-specific oil sand profiles. 188
For reference, the aircraft-measurement-derived facility-specific VOC speciation profiles used 189 for four OS facilities in the revised-emissions case are presented in Zhang et al. (2018) . The 190 aircraft-measurement-derived profiles in Zhang et al. (2018) , and used here for the revised case, 191 are composite profiles since they encompass plant, tailing pond and mining emissions. As such,they are not appropriate for comparison with the profiles in Table 2, which are specific to plant  193 emissions. 194
The primary PM emissions from the OS facilities originate largely from off-road heavy-duty 195 diesel trucks, plant stack emissions, and fugitive and wind-blown dust. The 2009/10 CEMA 196 inventory was used to specify the tail-pipe emissions from the off-road mining fleet and the 2013 197 NPRI inventory was used for fugitive road-dust emissions. The base-case inventory did not 198 include wind-blown dust. For the revised inventory, the PM size distribution was measured 199 during the 2013 field study for all six facilities and these data were used to constrain the revised 200 PM emission input data set. Note that the PM emissions estimates based on the aircraft-measured 201 aerosol data included the contribution of wind-blown dust emissions. The aircraft-based PM 202 emissions were re-binned for the 12 GEM-MACH PM size bins. The first eight size bins 203 correspond to mass up to diameter 2.56 µm. Interestingly, the aircraft measured a much higher 204 fraction of particulate mass in bin 8 (bounded by diameters 1.28 and 2.56 µm) compared to the 205 mass fraction in bin 8 from the area-source PM size-distribution profiles used by SMOKE in 206 processing the base-case emissions. In addition, a PM chemical speciation profile specific to OS 207 fugitive dust emissions was created from an analysis of deposited dust collected from surfaces in 208 the OS region (Wang et al., 2015) ; this speciation profile replaced the standard fugitive dust 209 profile for unpaved roads from the U.S. EPA SPECIATE v4.3 database in the revised emissions 210 processing. The resulting organic carbon fraction in the observation-derived PM speciation 211 profile was higher than that of the base-case emissions by about a factor of 3 (Zhang et al., 212 2018) . In general, significantly higher POA emissions were observed over the open-pit mines for 213 all facilities, except for the Imperial Kearl mine. The impact of the revised POA emissions will 214 be discussed further in Section 3.4. 215
Modeling 216
The GEM-MACH model was run in a nested configuration with an outer domain covering the 217 continental U.S. and Canada and an inner domain covering Alberta and Saskatchewan. The 218 continental-scale GEM-MACH model (10-km resolution) and the Canada-wide GEM weather 219 model (2.5-km resolution) were run first. These provided the chemical and meteorological lateral 220 boundary conditions, respectively, for the high-resolution GEM-MACH 2.5-km resolution run, 221 which has a domain covering the provinces of Alberta and Saskatchewan ( Figure 1 ). The two 222 models providing boundary conditions were run on a 30-hour cycle, of which the first six hours 223 were spin-up and discarded, while the remaining 24 hours provided boundary conditions for the 224 2.5-km GEM-MACH simulation. The initial conditions subsequent to the starting model 225 simulation for each overlapping 24-hour 2.5-km GEM-MACH simulation came from the end of 226 the previous 2.5-km GEM-MACH simulation. This strategy was used to allow the two boundary 227 condition simulations to make use of assimilated meteorological analyses. The sequence of 228 model simulations was started for August 10, 2013 and run until September 7 to cover the 2013 229 JOSM intensive field study period. 230
Observations 231
The NRC (National Research Council) Convair two-engine turboprop aircraft was used to 232 collect air-quality observations during the JOSM 2013 intensive field study. The aircraft was 233 equipped with a suite of instruments to measure air quality over 22 flights (see Li et al., 2017, 234 Figure S1 ). Most of the flight hours focused on "box" flight paths; these took the aircraft around 235 the periphery of facilities at different heights, with the goal of deriving facility-wide emission 236 rates by using observations of chemical concentrations and winds to estimate the mass of 237 pollutants entering and leaving the box enclosures. Coupled with a mass-conserving flux model 238 (Gordon et al., 2015) , these aircraft data were used to estimate emissions from the encircled 239 facilities. 240 VOC and PM observations were collected by the instrumented research aircraft using 241 different technologies. A proton-transfer-reaction mass spectrometer (PTR-MS) was used to 242 measure a select number of VOCs at high temporal resolution (1-sec) (Li et al., 2017 ). An 243 aerosol mass spectrometer (AMS) was used to measure PM 1 mass and non-refractory chemical 244 composition (Liggio et al., 2016) . A Single Particle Soot Photometer (SP2) was used to measure 245 refractory black carbon aerosol (Liggio et al., 2016) . A number of canisters were filled with 246 ambient air on each flight and returned to the lab for GC-FID and GC-MS analysis of VOCs (Li 247 et al., 2017) . The canister VOC analysis measured 154 different C 2 to C 12 hydrocarbons (Dann 248 and Wang, 1995) . The resulting observation data were compared to the model output generated 249 as described above. The 2.5-km GEM-MACH runs used a 120-s chemistry time step; 120-s 250 model output values were linearly interpolated in time and space to the aircraft observation 251 locations; all comparisons which follow make use of the resulting model/observation data pairs 252 for the two simulations. 253 254  255 We present our evaluation results for four species classes: mono-substituted aromatics in 256 section 3.1; multi-substituted aromatics in section 3.2; long-chain alkane species in section 3.3; 257 and organic aerosols in section 3.4. 258
Results and Discussion

Toluene and other Mono-Substituted Aromatics (TOLU) Evaluation 259 260
The aircraft PTR-MS measurement data set was averaged to 10-sec intervals for comparison 261 to the GEM-MACH model output. The model grid cell output was extracted along the flight 262 track and interpolated linearly between the two minute model output intervals to create acoincident model and measurement time series. The model lumped TOLU species includes 264 toluene and other mono-substituted aromatics with the two most important additional species 265 being ethyl-benzene and propyl-benzene. Therefore, we must derive an equivalent observed 266 lumped TOLU species for a comparison. We used all of the canister VOC data from the field 267 study to create ethyl-benzene vs. toluene and propyl-benzene vs. toluene scatterplots. The 268 corresponding slope, y-intercept and correlation coefficient for both these plots (not shown) were 269 as follows: m=0.376±0.006, y=0.0328±0.006, R=0.91 and m=0.0652±0.0008, y-270 intercept=0.0011±0.0008, R=0.90, respectively. Thus, we derived an observed TOLU equal to 271 the PTR-MS C7 aromatic multiplied by the factor 1.4412 (sum of m=1.0 C7+0.376 C7+0.0652 272 C7). This new observation-derived TOLU was used in the statistical comparison with model 273 output TOLU, which follows. 274
Histograms of mixing ratio were created using the observed TOLU, the revised-emissions 275 model output, and the base-case model output. 
wind direction). 296
The largest increases in the TOLU emission, between the revised and base case run, are noted 297 for the Syncrude Mildred Lake facility over the tailing ponds and open pit mine faces. Table 1  298 shows the changes on a facility-wide level. Notable increases are also calculated for the Suncor 299
Millennium/Steepbank and the Canadian Natural Resources Ltd (CNRL) Horizon facilities. The 300 flights on August 14 and 23 have the largest TOLU mixing ratios for the aircraft study, and both 301 flights correspond to box flights around the Syncrude Mildred Lake facility. The SI section 302 includes the model and measurement time series comparisons (termed case studies) for the 303 flights on August 14 ( Figure S5 ) and August 23 ( Figure S6 ). Overall, the magnitude of the 304 mixing ratio maximum in the time series are better represented in the revised-emission 305 simulation. This is also reflected in the better slope statistic in Table 3 for the revised-emission 306 simulation. 307
Multi-Substituted Aromatics (AROM) Evaluation 308 309
The model lumped AROM species includes all multi-substituted aromatics, with the most 310 important species being the xylene isomers and trimethylbenzene isomers. These two species 311 match with the PTR-MS C8 and C9 aromatic fragments, respectively. However, the observed C8 312 aromatic also includes ethyl-benzene and the C9 aromatic also includes propyl-benzene, which 313 are lumped with TOLU in the model VOC speciation. Thus, we need to subtract these unwanted 314 species from the totals used to compare to the model lumped AROM species. To do this, we use 315 their correlation slopes with PTR-MS C7 aromatic from Section 3.1. The new observation-316 derived AROM was calculated from the PTR-MS measurements as follows: C8 + C9 -0.376 C7 317 -0.0652 C7. 318 Figure 3 shows the histograms for the lumped AROM species for 10-sec averaged points 319 along all the flight tracks. The base model has a large number of high value points (> 2ppbv), 320 many more than the model simulations with the revised emissions, and also more than the 321 observations. This can be quantified by using the 99% percentile (obs=0.7607, revised=1.004, 322 base case=2.302). The median value for the observations is 0.0182 ppbv, smaller than both the 323 model versions (revised=0.0236 ppbv, base case=0.0466 ppbv), but closer to the model driven by 324 the revised emissions. Table 3 lists other statistical scores for the AROM lumped species. The 325 mean bias and RMSE are smaller for the revised emissions run compared to the base case. 326
However, there is a small degradation in the correlation coefficient with the sensitivity run. 327
The largest decreases in the AROM emission field between the revised and base case 328 emissions are again over the Syncrude Mildred Lake facility (refer to Table 1 ). There were also 329 notable decreases over the CNRL Horizon and Shell Muskeg/Jackpine facilities, but positive 330 changes in AROM emissions were noted over the Suncor Millennium/Steepbank facility (also 331 refer to Figure S2 for the emission spatial difference map). The SI section includes the model The long-chain alkanes (C 4 to C 12 ) were sampled by filling canisters with ambient air on-338 board the aircraft. mixing ratios than the model version using revised emissions. The model using revised emissions 345 is much better at reproducing the higher concentration points, particularly above 12 ppbv. This is 346 quantified by the 99% percentile of the data sets (obs=29.9, base=18.0 revised=24.6). Other 347 statistics for the lumped ALKA species are shown in Table 3 . The mean bias went from a small 348 negative value to +1.98 ppbv. The slope decreased by a small value, but the y-intercept 349 increased, which also increased the RMSE for the run with the revised emissions. under-prediction in the background OA predicted by the model, which is likely due to low 379 biogenic SOA formation and aging in both model versions. The importance of widespread 380 biogenic SOA formation from boreal forests has been reported in other work (Slowik et al., 381 2010; Tunved et al., 2006) . 382
Additional statistics are presented in Table 3 . The mean bias, RMSE and slope all improve for 383 the revised-emissions run, though the correlation coefficient decreases significantly for this run. 384
To investigate the variability in the OA bias, we plotted the OA bias as a function of different 385 measured variables. Figure 6 is a plot of the OA bias as a function of the observed black carbon 386 (BC) aerosol for the base-case and sensitivity runs. The BC is a marker for petrochemical 387 combustion, particularly diesel. For the base-case run, the OA negative bias is observed to 388 increase in magnitude with observed BC. Points with high observed BC correlate well with 389 emissions from the OS open-pit mines (Liggio et al., 2017) , where the BC is likely emitted from 390 the heavy-hauler trucks. The locations with the largest OA bias were also consistent with the 391 locations of mines and the transport wind direction. A review of the OS emission inventories 392 suggest that about 70% of the BC comes from the OS off-road diesel fleet. Including all points, 393 the mean bias improves from -2.8 to -2.4 (see Table 3 ) when using the revised emissions. Figure  394 6b shows a zoomed plot for points with high observed BC (>0.8 µg/m 3 ). There is a clear 395 improvement in bias for most of these points. The average bias for these high BC points 396 improves from -6.8 µg/m 3 for the base case to -2.6 µg/m 3 for the revised emissions. For 397 emissions processing the increase in PM emissions was assigned to the processing plants 398 (particle bin D<1µm) or the surface mines (particle bin D>1µm). Overall, Figure 6 shows that, 399 while the negative OA bias improves for samples high in BC concentration (i.e. influenced by 400 petrochemical combustion or collocated with petrochemical combustion sources), there still 401 remains an unaccounted for negative OA bias. . from the OS open-pit mines are needed to represent SOA formation downwind of the OS region 424 (Liggio et al., 2016) . In our emissions revision, only a small portion of the IVOCs (dodecaneC 12 ) were added and lumped into the long-chain ALKA lumped species. IVOC species with 426 carbon number ≥13 were not measured by the Li et al., (2017) (Robinson et al., 2006) . Future work will measure IVOC emissions using box flights 434 around the oil sand facilities and open-pit mines. This will remove current uncertainties in 435 models and help improve the negative bias in plumes. Implementing the VBS scheme will also 436 enable the PM emissions used here (in both data sets) to be distributed into volatility bins. 437
Also, while the measurement-derived emissions are missing the IVOCs, the measurement-438 derived POA emissions may contain some gaseous VOCs, IVOCs and SVOC species that react 439 quickly and in one oxidation step yield products that condense onto particles. This rapid SOA 440 mass produced would be measured in the box flights and, at least partially, accounted for in the 441 updated OA emissions; however labeled here as POA instead of fresh SOA. Furthermore, there 442 is the potential for double counting if some of the very reactive gaseous precursors react to form 443 SOA and this is accounted for in the measured POA. In this paper, we have tried to minimize this 444 effect by examining the model performance in the "near field" from emission flights close to 445
facilities. This will be the topic of future box modelling work with the new 2018 measurement-446 derived IVOC and SVOC emissions to determine how much of the measurement-derived POA is 447 derived from the fugitive open-pit mining IVOC and SVOC emissions and their rapid particle 448 formation. 449
2) Background Organic Aerosol Levels 450
The under-prediction in background OA was a general finding from the study; the cause is 451 believed to be due to underestimated biogenic SOA, due to the lumping of biogenic monoterpene 452 emissions into the anthropogenic ALKE model species in the model's gas-phase mechanism, and 453 the lack of speciated representation of other biogenic SOA precursors such as sesquiterpenes. 454
Future work will update the biogenic SOA yield coefficients in the VBS approach using recent 455 smog chamber results which account for gas-phase loss of organic species to chamber walls (Ma 456 et al., 2017) . 457
3) Spatial Allocation of Emissions 458
Future field studies should also focus on improving within-facility spatial allocation. For 459 example, within-facility data such as the GPS location of the mining trucks would be helpful to 460 derive their activity diurnal profiles and to improve truck emission spatial allocation within a 461 facility. The GPS data would also be useful to define the location of freshly excavated open-pit 462 mines within a facility. 463
Conclusions
465
Overall, the weight of evidence suggests that the top-down emission estimation technique 466 applied to the OS surface mining facilities helps to better constrain reported facility-total organic 467 emissions including fugitive sources, as shown by improved model results when the revised 468 emissions are employed. We note that emissions from these sources are a challenge to calculate 469 in bottom-up inventories due to the potential for fugitive emissions. For the mono-and multi-470 substituted aromatics (TOLU and AROM), the emission rates from facilities were more fineadjustments, as some facility totals went up and some went down and the overall biases 472 compared to observations improved for AROM but degraded for TOLU. However, the model's 473 ability to predict very high aromatic concentrations in plumes improved with the revised 474 emissions, as shown by the 99 th percentile statistic and the case studies. 475
For the long-chain ALKA species, the revised emissions may have over-corrected, on 476 average, as shown by the increase in mean bias for the entire aircraft data set. However, the 477 correlation coefficient did improve significantly for the long-chain alkane predictions, suggesting 478 the combination of alkane emission increases for some facilities and decreases for others helped 479 to improve the spatial distribution of ALKA emissions. The results for some facilities suggest 480 that further improvement could be achieved by putting more emissions at extraction processing 481 plant locations (i.e., adjusting within-facility spatial allocation). Interestingly, the alkane 482 emission increases and aromatic emission decreases, derived from aircraft data (Li et al., 2018) , 483
were associated with the facilities that use paraffinic solvents for bitumen extraction (e.g. Shell 484
Muskeg/Jackpine). Overall, the predictions of alkanes in high concentration plumes improved 485 with the revised emission data set, as shown by the 99 th percentile statistic. 486
For PM 1 organic aerosol, the revised emissions improved the mean bias for predictions; 487 however, a negative bias still exists and the improvement was associated with a decrease in 488 correlation coefficient. The increase in predicted PM 1 OA concentration was largely due to the 489 increase in POA emissions in the revised emissions input files. The POA emissions increased 490 because of a combination of larger measurement-derived PM 1 emissions and the revised ground-491 observed PM speciation profile having a larger POA fraction. The increase in PM 1 POA 492 emissions were largely allocated spatially to stack locations and this allocation may be a key 493 factor in the degradation of the correlation coefficient, especially if the fine OA originates frommine-face fugitive emissions. Future work should focus on improving within-facility spatial 495 allocation of emissions. The remaining negative bias in plumes likely stems from missing IVOC 496 emissions in both the emission data sets used here, as suggested by Liggio et al. (2015) . Ongoing 497 field work to measure the IVOC emissions using aircraft box flights is underway in a new 2018 498 measurement intensive. Upcoming modelling work with GEM-MACH will include the VBS 499 approach to better represent lower volatility compounds. 500 
530
Cho, S., McEachern, P., Morris, R., Shah, T., Johnson, J., and Nopmongcol, U., Emission sources sensitivity study 531 for ground-level ozone and PM 2.5 due to oil sands development using air quality modeling system: Part I-model 532 evaluation for current year base case simulation, Atmos. Environ., 55, 533-541, 2012 
